Abstract-Objective: Electrotherapy remains the most effective direct therapy against lethal cardiac arrhythmias. When an arrhythmic event is sensed, either strong electric shocks or controlled rapid pacing is automatically applied directly to the heart via an implanted cardioverter defibrillator (ICDs). Despite their success, ICDs remain a highly non-optimal therapy: the strong shocks required for defibrillation cause significant extra-cardiac stimulation, resulting in pain and long-term tissue damage, and can also limit battery life. When used in anti-tachycardia pacing mode, ICDs are also often ineffective, as the pacing electrode can be far away from the centre of the arrhythmia, making it hard for the paced wave to interrupt and terminate it. Methods: In this paper, we present two conceptual intra-cardiac directional electrode configurations in silico based on novel arrangements of pairs of positive-negative electrodes. Both configurations have the potential to cause preferential excitation on specific regions of the heart. Results: We demonstrate how the properties of the induced field varies spatially around the electrodes and how it depends upon the specific arrangements of dipole electrode pairs. The results show that when tested within anatomically-realistic rabbit ventricular models, both electrode configurations produce strong virtual electrodes on the targeted endocardial surfaces, with weaker virtual electrodes produced elsewhere. Conclusions: The proposed electrode configurations may facilitate targeted far-field anti-tachycardia pacing and/or defibrillation, which may be useful in cases where conventional anti-tachycardia pacing fails. In addition, the conceptual electrode designs intrinsically confine the electric field to 
I. INTRODUCTION

C
ARDIAC arrhythmias, such as ventricular tachycardia (VT), remain an important cause of mortality and morbidity in Western society. Patients at risk from lethal arrhythmias often receive an implantable cardioverter defibrillator (ICD) which automatically sense arrhythmic episodes and deliver appropriate electrotherapy to terminate them. The primary therapy deployed by ICDs during episodes of VT is anti-tachycardia pacing (ATP), in order to minimise the number of painful and damaging strong defibrillation shocks a patient may experience. In ATP, one or more pacing electrodes deliver pacing stimuli to sites in the heart in order to close down excitable gaps which are responsible for sustaining the reentrant tachyarrhythmia. ATP is highly successful for slow VTs, but success rates may be as low as 47-79% for fast VTs [1] - [4] . It is thought that the failure of ATP is likely due to the inability of paced wavefronts to actually reach and interact with the reentrant circuit, which may occur in fast functional or anatomical reentries [5] . Strategies known to increase the success of conventional ATP include pacing from multiple sites [6] , [7] , and pacing closer to the reentrant circuit [8] . These methods work by increasing the likelihood of the paced wavefront to reach and extinguish the excitable gaps.
In addition to stimulation by direct contact of an electrode on the tissue surface, cardiac tissue may also be stimulated by far-field effects, caused by the application of an external electric field between two distal electrodes. When the applied electric field permeates the myocardial tissue, so-called 'virtual electrodes' (VEs) form within the tissue distant to the physical electrodes. The formation of VEs requires heterogeneity, or discontinuity, in the intra-/extracellular spaces of the myocardial tissue [9] - [13] , from epi-/endocardial surfaces, blood vessels, infarcts, tissue anisotropy and so on. This conductivity heterogeneity forces the movement of current between the respective domains, resulting in a transmembrane current which either depolarises or hyperpolarises the tissue.
Strong electric fields are routinely used to defibrillate the heart, the mechanisms of which are now thought to be driven In the conventional ICD during a defibrillation shock, the RV coil is used to generate an electric field with shock vector between the coil and the can as the ground (field shown as light blue lines), thus generating significant extra-cardiac field and a lack of directionality. The tip of the RV coil acts as a pacing electrode when delivering ATP. In the proposed novel configuration, the RV electrode generates a field which is confined within the heart and is steerable, not requiring the generator to act as a ground.
by the VE effect [14] - [17] . However, rapid, pulsed application of relatively weak electric fields have recently been shown to achieve the same defibrillating effects as a single strong biphasic shock (via a mechanism very similar to ATP), commonly called low energy defibrillation [18] - [27] .
Conventional electrode (ICD) arrangements usually assign one polarity to the intra-cardiac lead (coil) within the rightventricular (RV) cavity (with an extra-cardiac can, or ground) placed beneath the clavicle), which may switch sign during a shock in order to more efficiently defibrillate [28] - [30] . Alternative arrangements have an additional ground in the superior vena cava. In the case of a cathodal intra-cardiac polarity, wavefronts are initiated on the endocardium and in the case of anodal polarity, wavefronts are initiated on the epicardium [30] (due to respective direction of movement of charge carriers which cause VE effects). The large distance between the anode and cathode in typical ICD arrangements causes the potential to decay approximately isotropically from the intra-cardiac electrode, and the natural directionality of the shock-vector is lost. Furthermore, a significant proportion of the delivered shock energy is lost outside the heart, causing extra-cardiac nerve and muscle stimulation resulting in considerable pain [31] , [32] . The typical use of an ICD for defibrillation via the RV coil and delivery of ATP from the RV lead tip is shown in Fig. 1 (left) .
A similar situation (of stray electric fields) exists in the case of novel low-energy defibrillation techniques [18] , [24] , whereby the shock vectors are also restricted to the physical placement of the electrodes within an ICD (which may involve the placement of additional electrodes in the coronary sinus); success of these methods may be significantly increased by being able to preferentially direct the shock vectors through the main organising centres of the reentrant activity. Thus, there is a strong need for steerable electrotherapy that may help to preferentially excite specific regions of the heart for use in both ATP and low-energy defibrillation therapies. In this work, we propose intra-cardiac electrode configurations which facilitate the stimulation of regions of myocardium in a precise way and confine the electric current to the immediate vicinity of the heart; stray (extra-cardiac) electric fields are thus minimized by design. A schematic of the idea behind our proposed configuration is shown in Fig. 1 (right) . Given knowledge of the location of the reentrant circuit, we suggest that the proposed electrode configurations could be used to direct the main VE depolarizations to be proximal to and/or within the reentrant circuit, in order to perform targeted ATP and/or defibrillation.
We demonstrate the feasibility of our proposed electrode configurations within idealised geometries and demonstrate the ability of directed tissue depolarization within a realistic rabbit ventricular geometry.
II. METHODS
In order to analyse the electric field in detail, we solved Laplace's equation (1)
with constant Dirichlet boundary conditions on charged surfaces (the anode and cathode electrodes) and no-flux conditions elsewhere via the finite element method, using the FENICS finite element solver [33] , [34] .
To examine effects of the fields generated by the electrodes on a realistic rabbit heart geometry we solve the passive steadystate bidomain equations [35] 
via the finite element method, using the cardiac arrhythmia research package (CARP) [36] . In equations (4) σ i is the intracellular conductivity tensor, σ e is the extracellular conductivity tensor, φ i is the intracellular potential, φ e is the extracellular potential, β = 0.14 μm −1 is the surface-to-volume ratio, V m is the transmembrane potential, R m = 1 Ωm 2 is the membrane resistance, σ b = 1.0 S/m [37] is the conductivity of the bath, φ b is the potential in the bath-space and the domains Ω t,b refer to the tissue and bath-space, respectively. The boundary conditions on the bidomain equations (4) are given as:
where n is the surface unit-normal vector and subscript tb refers to the tissue-bath interface. The intra and extracellular conductivities in the longitudinal and transverse directions were (σ il , σ it ) = (0.17, 0.019) and (σ el , σ et ) = (0.62, 0.24) S/m [38] respectively. The anode and cathode were represented by imposing dissimilar Dirichlet conditions on the appropriate boundaries. 
A. Directional Electrode Configurations
By placing bi-polar electrodes inside the ventricular cavity, it is possible to excite the myocardium via VEs. Two different bi-polar directional stimulation electrode configurations, which create different electric fields, are described in the next section.
1) Bipole Arrangement:
The bipole arrangement provides directional stimulation capability by exploiting the geometry of the ventricles, and the decay in field strength with increasing radius from the bipole source. If the stimulating electrode's anode and cathode are both approximately co-located inside the ventricular cavity, the decay (approximately ∝ 1/r 3 in the case of a dipole) in field strength as a function of the distance from the electrodes may be sufficient to facilitate stimulation on only one part of the endocardial surface, as illustrated in Fig. 2 . Although other types of bipolar electrodes are routinely used in cardiac pacing and electrophysiological measurement we believe that the specific arrangement proposed here, in the context of its application, is novel.
In three dimensions the bi-polar arrangement would simply be an extension of the two-dimensional arrangement shown in Fig. 2 . With this electrode configuration, the decay in field strength is identical on either side of the bipole, thus the magnitudes of the surface VEs on the hyperpolarized and depolarized sides of the endocardium are equal.
2) Bipole Halbach Arrangement: The bipole Halbach arrangement provides directional stimulation capability in a conceptually different way to the bipole arrangement, in that it exploits the superposition of linear fields in order to reduce the field-strength in one direction and increase it in the opposite direction. Theoretically, this has the advantage of generating VEs on the proximal tissue surfaces of correspondingly different magnitudes.
The ability to provide direction-specific fields is widely-used in the field of magnetism and magnetic materials, originating from the so-called Halbach array. The design of the Halbach array was originally proposed by John Mallinson in 1973 [39] , and then later independently by Klaus Halbach in the 1980s [40] , [41] when it was applied to focus particle accelerator beams. The basic design involves an alternating pattern of permanent magnets which has the important effect of augmenting the magnetic flux on one side of the array, whilst the flux is cancelled on the other side (in the idealised setup). The concept is currently widely-used in many applications of manufacturing magnetic materials, from refrigerator magnets, through to magnetic drug targeting and particle accelerators. To our knowledge, such a design has not yet been applied to electrostatics, and particularly not within the field of cardiac anti-arrhythmia therapy.
Unlike in a magnetic Halbach array, electrodes must not physically touch in order to stop a direct short-circuit from occurring. Therefore, some minimum physical separation must be introduced; the dependence of the current draw on this separation is investigated later. The simplest Halbach electrode configuration is formed of five electrode cubic "elements" equally spaced along a common axis. In order to achieve current steering in increments of π/2, each electrode element must comprise six conducting faces, each of which may be set to some potential or isolated from the rest of the circuit. Pairs of faces on each electrode element are parallel to one another and the axes formed by these pairs form an orthonormal basis. Opposite polarities are applied to each electrode pair. The simplest geometrical configuration of a Halbach electrode is shown in Fig. 3 .
It can be seen from Fig. 3 that the bipole vector rotates in increments of ψ = π/2 between electrode elements. The minimum number of electrode elements for the configuration shown in Fig. 3 is nπ/ψ + 1 where n = 2, however more can be added provided that n is integer. The material comprising the interior of each electrode element must be an insulator in order to force the potential to drop through the blood thus facilitating the superposition of the fields created by each electrode element. The direction of the cancelled and augmented sides may be swapped by either swapping the polarities of the 2nd and 4th elements, or the 1st, 3rd and 5th elements. The signs of the VEs induced in the tissue may be swapped by swapping the polarity of all the charged surfaces in the Halbach electrode configuration, facilitating charge burping in a similar manner to conventional biphasic defibrillation methods [30] . In the configuration shown in Fig. 3 , the field is augmented on the +x side and attenuated on the −x side, however it is important to note that, alternatively, ±y faces could be charged on the 1st, 3rd and 5th elements (instead of ±x, as shown) which would lead to augmentation/attenuation in the y-direction.
In the next section, the computational models are described and the the resulting E field is then examined for these electrode configurations.
B. Computational Models
1) Models for Laplace's Equation:
We chose to create identical finite-element meshes to compare the fields from both of the electrode configurations. The domain was a cuboid of size 20 × 20 × 10 m 3 , the electrode elements had identical size d = 1 m and the spacing s was varied s ∈ {0.25, 0.5, 1.0, 2.0} m. The potential difference between bipole electrodes was fixed at ΔV = 1 V. Both electrode configurations possess halfsymmetry and this was exploited in order to the minimize computational expense. The results were then reflected around the lower plane to effectively give a cubic domain of size 20 × 20 × 20 m 3 . The boundaries of the domain were sufficiently far from the electrode to minimize the the boundary effects of the no-flux condition. The meshes were generated via constructive solid geometry, using the CGAL [42] mesh generation interface in FENICS. Each mesh had ≈ 500 k degrees of freedom and ≈ 2.5 million elements, and the edge length near the boundaries was approximately one quarter of the edge length elsewhere.
The current-draw of the electrode arrangements, as a function of the spacing s, was approximated by finding the total flux through all boundaries (signified by Γ − ) with negative Dirichlet conditions:
Note that the factor 2 in front of the integral was because the solution was obtained in only half of the domain, due to symmetry.
2) Model for the Bidomain Equations:
A five element electrode array (parameterized by s = d = 1 mm) was imposed in the middle of the left-ventricular cavity of the simplified version of the Oxford rabbit heart [43] using Tetgen [44] . We chose to use the simplified rabbit version in order to highlight the dominant effects of the surface VEs generated by the various Fig. 4 . The fibre field, the rabbit geometry and the electrode configuration for the steady-state bidomain simulations. Note that the darker shade of blue in the lower panels corresponds to interior endocardial surfaces. electrode configurations. Fig. 4 shows the rabbit geometry, the fibre field and the location of the electrodes inside the rabbit left ventricle. In both cases the potential difference between the anodal and the cathodal surfaces of each electrode element was 20 volts. The mesh had approximately 40 million elements and 670 k degrees of freedom. The ventricles lie within a perfusing bath, extending just beyond the myocardium in each direction. For comparison, we also solved the steady-state bidomain equations for a quasi transvenous electrode setup, where one electrode lay near the right-ventricular apex and another lay at one edge of the computational domain as shown in Fig. 5 , again with an applied potential difference of 20 V. 
III. RESULTS
A. Solutions of Laplace's Equation
The electric field E = −∇φ (V/m) here is simply the gradient of the scalar potential φ satisfying Laplace's equation (1) . The characteristic shapes of |E| for the bipole and bipole Halbach configuration, are shown in Figs. 6 and 7, respectively. It can be seen that the bipole configuration gives an approximately circular isosurface profile, whereas the bipole Halbach configuration isosurface shows a lopsided profile.
The variation in |E|, E x = −∂φ/∂x and E y = −∂φ/∂y at a radius of 4 m along a ring at z = 0 m around the origin are shown in Fig. 8 . The trends in the variation of the field magnitude and its components were substantially similar at different radii. E z = −∂φ/∂z is not shown as it is zero due to the symmetry in the configuration. Fig. 8 shows that the field magnitude is symmetrical about x and y for the bipole array, whereas it is asymmetrical for the bipole Halbach array. The main lobe is at θ = 0 in the bipole Halbach array, with a small side lobe at θ = π. It can be seen that as s increases, |E| decreases in the bipole array whereas |E| increases in the Halbach bipole array. Fig. 9 shows the total flux through Γ − as a function of the spacing s, for both electrode configurations. The total flux increases as s increases, for the bipole configuration, whereas the total flux decreases as s increases, for the bipole Halbach configuration. The increase in flux for smaller spacings in the bipole Halbach configuration is due to the increase in proximity of dissimilar Dirichlet boundaries. The decrease in flux for smaller spacings in the bipole configuration is most likely due to the electrode arrangement becoming more similar to that of a single cuboid, and thus reducing the strong current density at the sharp edges of adjacent electrode elements. Specifically, as s → 0, the large current-densities which occur due to the high curvature of the corners of the three inner cuboids gradually decrease, and then vanish, as each of the five cuboidal elements merge to become one single cuboid. In both configurations, it is expected that the flux would become equal as s → ∞ as the influence of the fields from neighbouring fields vanishes.
In the next section, the performance of the directional stimulation electrodes for stimulating the rabbit left ventricle, via VEs, is investigated.
B. Solutions of the the Bidomain Equations
Having demonstrated the overall profile of the electric fields for the different electrode configurations above, here the ability of these configurations to direct stimulation to induce asymmetrical effects on the endocardial surface within a rabbit ventricular model, via VEs, is investigated.
In the following sections, steady-state V m (the VEs) are shown on the endocardial surfaces in the +x and −x and y+ and y− directions. These surfaces were formed by the bisection of the geometry by two planes which bisected each of the electrode elements and were parallel with the y axis and normal to the x axis, and parallel with the x axis and normal to the y axis, respectively. The Figs. 10 and 11 show the endocardial surfaces arranged in a matrix, with those surfaces along the main diagonal (highlighted by red boxes) showing the VE in the stimulated direction. Here, by "stimulated direction", we mean the direction which should theoretically cause the strongest depolarizations. In addition, the surface area of those triangular elements with VE magnitudes at all vertices of the triangles greater than 100 mV are shown via the annotations at the bottom of the figure panels. Fig. 12 shows the epicardial VEs for both directional electrode configurations along with the the quasi-transvenous "conventional" setup, for comparison. Fig. 13 shows the bath and extracellular potential distribution resulting from the electrode setups. a) Bipole configuration: Fig. 10 shows the VEs formed by the bipole electrode configuration with different stimulated directions. A strongly depolarized V m in the stimulated direction (main diagonal), and a strongly hyperpolarized V m in the opposite direction is observed in each case. The transmembrane potential around the middle of the surfaces in the non-stimulated direction is approximately zero in each case. This is due to the electric field in this direction being approximately tangent to the surface. For each row (each "stimulated direction") the surface area of the triangles with VEs of greater than 100 mV are largest along the main diagonal, as expected. Areas of strong depolarization in orthogonal directions to the main stimulated direction are approximately half that shown in the main stimulated direction -again this is consistent with the results shown in Figs. 8  and 6 . b) Bipole Halbach configuration: Fig. 11 shows the VEs formed by the bipole Halbach configurations with different stimulated directions. In each case, in the stimulated direction (along the main diagonal), relatively strong depolarizations can be seen both near the apex and near the base, with a relatively strong hyperpolarization near the middle.
Strong VEs can also be seen in the non-stimulated directions. These spuriously strong VEs are a result of the irregularly shaped endocardial surface, and the non-uniform distance from the tissue surface to the electrode elements. If the geometry of the myocardium was that of a cylinder with its axis coincident with the bipole Halbach electrode arrangement, only weak VEs would be observed in directions other than the stimulated direction. Note that the color scales chosen in Figs. 10 and 11 were specifically to aid direct comparison between the induced V m distributions upon shock application in both configurations.
Furthermore, for the chosen applied voltage difference of 20 V we can see relatively strongly depolarised and hyperpolarised regions; such areas may well be susceptible to break excitations upon shock cessation (if using an active cell model). However, we emphasise that the magnitude of these polarisations is entirely dependant upon the prescribed potential difference, which may be adjusted to attenuate or augment these effects, as required.
For each row (each 'stimulated direction') the surface area of the triangles with VEs of greater than 100 mV are largest along the main diagonal, however the surface area is in some cases only sightly larger than in other (non-stimulated) directions. This is in part due to the crude design of the Halbach electrode, in part due to the imprecise positioning of the electrode array in the centre of the ventricular cavity, and also because of the heterogeneous nature of the endocardial surface. c) Epicardial virtual electrodes: Fig. 12 shows the VEs on the epicardial surfaces for the two intracardiac directional electrode configurations (in both cases the "stimulated direction" was in the +x direction), along with the quasi transvenous electrode configuration. It can be seen that epicardial VEs are suppressed well for the intracardiac configurations, whereas strong regions of depolarization are present in many areas in the case of the quasi transvenous shock. d) Extracellular potential distribution: Fig. 13 shows the extracellular potential distribution for the two intracardiac directional electrode configurations (in both cases the "stimulated direction" was in the +x direction), along with the quasi-transvenous electrode configuration along three vertical slices located in the right-ventricle, in the left ventricle (near the intracardiac electrodes) and at the edge of the left ventricular Fig. 12 . Epicardial steady-state surface V m for the two conceptual intracardiac directional electrode configurations and the quasi-transvenous configuration. In both the directional electrode configurations the "stimulated direction" was +x, and in each case the applied potential difference was 20 V. Fig. 13 . Extracellular potential distributions (φ e and φ b ) along slices in different parts of the domain for the two conceptual intracardiac directional electrode configurations (top and middle) and the quasitransvenous configuration (bottom). In both the directional electrode configurations the "stimulated direction" was +x, and in each case the applied potential difference was 20 V.
wall. In the cases of the directional intracardiac electrode configurations, it can be seen that the extracellular potential decays rapidly with distance from the electrodes, whereas for the quasi-transvenous configuration the potential field extends beyong the heart, as expected.
IV. DISCUSSION
Directional stimulation via two different intra-cardiac electrode configurations has been described. The two electrode configurations are intended to work in different ways; the bipole configuration is designed to cause widespread depolarizations on a specific parts of the endocardium, whereas the bipole Halbach configuration is designed to concentrate the electric field magnitude in one specific direction, thereby creating stronger (depolarized and hyperpolarized) VEs in the targeted direction. The results from the bidomain simulations show that, in the realistic heart geometry, the bipole arrangement causes greater surface depolarizations in the targeted direction ( Fig. 10) , compared with the bipole Halbach arrangement (Fig. 11) . The designs proposed used bipole electrode pairs in close proximity -the fields generated by these bipole pairs are therefore similar to dipole fields, thus the decay in field strength is approximately proportional to 1/r 3 . This means the electric fields generated decay rapidly with distance from the electrodes, confining the majority of the field to the heart tissue, and reducing the likelihood of causing extra pain from useless extra-cardiac stimulation. It should be noted that these electrode configurations may also be operated in a conventional manner by applying the same potential to all faces of the electrode elements, and the applying the opposite potential to body of the sub-clavicle pulse generator.
The utilization of an ability to direct stimulation to a particular part of the ventricles must rely on knowing where the reentrant arrhythmia in question is centred (i.e. where the reentrant circuit may be). Such information could potentially be obtained a priori from contrast-enhanced magnetic resonance scans, making the key assumption that the circuit would always be centred within the areas of scar in myocardial infarction patients. Thus, the electrodes could be programmed to always deliver stimuli directed towards the suspected area of scar. In the cases when it is not known where the arrhythmia may originate, the electrodes themselves may be used to sense and locate the reentrant circuit in real-time, prior to pointing the far field stimulus. Utilising local electric field information is currently being used in the latest electroanatomical mapping systems to allow inference of underlying wavefront directions [45] , whilst initial promising results have been shown in the localization of focal VTs using the electrodes on a standard transvenous ICD [46] . The multitude of orthogonal bipole pairs present in each of the electrode configurations may facilitate sensing of the extracellular potential, and thus the electric field, during the tachyarrhythmia. In theory, given a sufficiently intelligent signal processing technique, the location of the reentrant core may be estimated to some degree of accuracy, and used to send the correct signals to the conducting surfaces of the electrode elements in order to direct the stimulation. Assuming the activation wavefront originates in the ventricular cavity in which the electrode array is placed, then simply measuring the electric field (produced by the activation wavefront) at each of the electrode elements may give a reasonable approximation of the direction of wavefront propagation, and therefore the wavefront source.
It remains to be investigated whether or not the electrode arrangements can, in practice, perform targeted ATP in a human heart. In order to be practical, the lead must be sufficiently thin to be implantable via catheterisation and sufficiently robust enough to cope with the harsh mechanical environment inside the heart. A sufficiently robust lead may be difficult to manufacture, as, in the case of the bipole array a minimum of four channels are required to allow for targeted depolarization in angular increments of π/2, whereas in the case of the bipole Halbach array a minimum of six channels are required to perform current steering in similar angular increments. Smaller angular increments are of course possible with different designs, but this would require more channels to be carried in the lead. Other practical limitations include the precise positioning of the electrode in the ventricular cavity.
The physical design of the two electrode configurations may be modified in order to make them more amenable to implantation, by placing all the conducting surfaces on the surface of a cylinder, similar to what is done with the surface conductors (coils) routinely used in defibrillation leads. This would be trivial to achieve for the bipole configuration, but more complicated for the bipole Halbach configuration; perhaps the axially aligned bipole vectors may be approximated via ring electrode patches.
Practically implantable designs were not tested in the current study due to limitations in the accurate meshing and application of boundary conditions to surfaces.
Future bidomain simulations should be performed using an active cell membrane and should investigate the actual performance of the undirectional stimulation electrodes at targeted ATP and defibrillation efficacy. Future simulations should also investigate the optimal placement of the electrode arrays inside the heart. Also, only the extent of surface VEs were examined in this study as it is known that surface depolarizations decay exponentially with depth away from the tissue surface. However tissue anisotropy is also known to cause counter-intuitive in-depth VEs via bidomain effects. The sinusoidally varying electric field formed by the bipole Halbach electrode configuration may elicit some weak deep entry VE effect first described in [47] due to the relative similarity of the idealized fibre architecture in [47] , [48] with that of the real ventricular wall. Furthermore, the potential use of the Halbach array in ATP may involve the induction of multiple paced wavefronts from different endocardial locations (due to the multiple areas of depolarisation formed, as in Fig. 11 ). Delivery of ATP from > 1 site has been shown to more effectively terminate sustained VT [49] , [50] .
An alternative application of the bipole Halbach array may be in field of deep brain stimulation, where directional electrodes are routinely employed [51] , [52] . To the best knowledge of the authors, there are no directional stimulation electrodes which concentrate the current density in one direction and actively reduce the current density in the other.
V. CONCLUSION
Two directional stimulation electrode concepts have been described and tested in-silico in a rabbit heart. Strong targeted depolarizations via surface VEs have been shown with varying degrees of directional accuracy. Such electrode configurations may facilitate targeted far-field ATP, where the excitable gaps in the reentrant circuit are rapidly extinguished via wavefronts from VEs, directed towards the reentrant circuit. The multiple orthogonal pairs of conducting surfaces on the electrode elements may also facilitate the approximation of the local extracellular field, potentially facilitating the spatial localization of the reentrant core using the same electrode configurations that are then used to apply the directional stimulation. The electrode configurations may also be operated in a conventional manner, by setting all conducting surfaces to the same potential. Other potential biological applications of the bipole Halbach electrode may be in targeted deep brain stimulation.
VI. LIMITATIONS
The governing equations used neglect all physical nonlinearities [53] occurring at the interface between the electrode surfaces and the colloidal electrolyte (blood), although it is thought that the influence of these effects will not change the structure of the electric fields generated. While we intentionally chose to use the simplified Oxford rabbit [43] to highlight the effects of the directional stimulation electrodes, this geometry does not include the papillary muscles [54] and the coronary vasculature [24] , [55] which are known to create additional VE sources upon field stimulation. It is thought that break excitations [54] , [56] near hyperpolarized boundaries may reduce the directional efficacy of the bipole arrangement, however this is thought to be of lesser significance for the bipole Halbach arrangement, due to the theoretically lower virtualelectrode magnitudes created in the non-augmented directions by the Halbach configuration. This is in contrast to the bipole arrangement, where all points (apart from where the field is tangent to the heart surface) experience a similar current-density. As described earlier, it may be feasible to calibrate the shock voltage to minimize the chance of break-excitations in the nonexcited directions. We also highlight that fact that the size of the regions of depolarisation and hyperpolarisation induced by these setups is relatively large, and thus their utility in providing a means of focussed stimulation of isolated areas may be limited. However, the induced polarisation patterns which the presented configurations are able to produce (combined with the fact that they can be 'steered' the preferentially affect different regions of the heart) suggest their potential for use in ATP in which the entire region close to the core of the reentrant circuit (usually the scarred area in myocardial infarction) can be targeted to terminate the arrhythmia. Finally, we emphasise also that the practical utility of the electrode arrays presented in this study will require further investigation in order to optimise the augmentation and modulation of the electric field with respect to specific electrode placement and the anatomical complexity of a real (human scale) heart.
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